clinical accuracy of the stereotactic system. Results: Our series included 263 patients who underwent 284 DBS implantation surgeries at one institution over a 6-year period. The clinical targeting error without accounting for brain shift in this series was found to be 1.99 mm (SD 0.9). Operating room time was reduced through earlier incision time by 2 h per case. Conclusion: Customized, miniature stereotactic frames, namely STarFix platforms, are an acceptable and efficient alternative method for DBS implantation. Its clinical accuracy and outcome are comparable to those associated with traditional stereotactic frame systems.
tures in a 3-dimensional space with millimetric accuracy. To achieve this degree of accuracy, DBS surgery has traditionally utilized stereotactic frames, such as the Leksell (Elekta AB, Stockholm, Sweden) or Cosman-RobertsWells (CRW; Integra Radionics, Burlington, Mass., USA), that are mounted to the patient's skull and affixed to the operating table. These frames serve not only as the fiducial system to translate the target coordinates from the patient's image space to their physical space, but also as a rigid fixation method with precise, 3-dimensional positioning that allows the surgeon to place the electrodes at the desired target [4, 5] . In most DBS implant centers, intraoperative awake physiological mapping is routinely used to verify targeting accuracy and make relatively minor corrections in the final placement of the DBS electrode. The use of traditional stereotactic frames for DBS surgery typically requires the awake patient to undergo reference image acquisition, intraoperative mapping and electrode implantation within the time that the frame is affixed to the patient's head. While this represents the 'gold standard' in stereotactic DBS surgery, several alternative stereotactic methods have arisen to enhance patient comfort, surgical efficiency (namely the amount of continuous time required for the patient to undergo frame application, mapping and DBS electrode placement), and options for bilateral simultaneous mapping and electrode implantation.
An alternative stereotactic method is to create a customized surgical targeting fixture, also referred to as a STarFix (surgical targeting fixture) platform, that can be manufactured with relatively short turnaround (3 days typically) by a rapid-prototyping technology. The senior author (P.K.) began using this method for stereotaxy when first introduced to this system in 2002 as the microTargeting TM platform (MTP) incorporating STarFix guidance by FHC Inc. (Bowdoin, Me., USA), which was approved for human use by the FDA in 2001. The system includes planning software, bone fiducial markers, and the manufacturing of a customized, miniature stereotactic frame (MTP) that couples with the bone fiducials. Since 2002, we have provided input and tested several iterations of this system over the years. Although previous papers from our institution have documented details regarding the clinical accuracy of the system based on imaging results and virtual testing [6, 7] , we have yet to report on the general clinical use of this method of stereotaxy for DBS cases. Although a number of clinical centers in the USA and Europe have begun using this method of stereotaxy, there is no paper that describes the initial clinical experience in a large and varied population of DBS patients using this system. Furthermore, since this method of stereotaxy has rapidly evolved over the past 8 years, there is value in publishing the concepts behind this system and some of the options that rapid prototyping offers surgical targeting. To understand how rapid prototyping of a surgical targeting fixture can be applied to DBS surgery, the following concepts need to be understood.
The STarFix system utilizes bone fiducial markers attached to a customized MTP [8] . Retaining the basic principles of traditional stereotactic frames, the software used to create a rapidly prototyped stereotaxy platform translates the image space to the patient's physical space through skull-mounted fiducials, and target coordinates are referenced to the locations of the same bone fiducial markers ( fig. 1 ). The bone-anchored fiducial markers not only serve as imaging reference points, but also as anchors for a custom-manufactured stereotactic frame. Unlike traditional frames, placement of the fiducial bone anchors occurs in advance of the actual stereotactic frame. Stereotactic planning is performed using the software Virtual computer-aided design diagram of a single, trajectory MTP frame. Four key data points are needed to manufacture an MTP: (1) bone fiducial anchor location; (2) bone fiducial anchor orientation; (3) target; (4) trajectory to target (determined by an entry point selection). In addition, orientation of the trajectory with respect to AC-PC and midline are also included in the computer-aided design file. This assures that the MTP is exactly aligned with patient anatomy, thereby allowing surgeons to easily move the trajectory in parallel or orthogonal directions with respect to the midline. provided by the manufacturer (Voxim TM or WayPoint TM planning software, FHC Inc.), and the final computeraided design instruction file is sent in a secure transfer protocol to the manufacturer (FHC Inc.). A custom platform is manufactured using rapid-prototyping technology, and the MTP arrives at the implant center within 3 days of plan submission. Thus, image acquisition must be decoupled from the intraoperative steps, as the MTP is created after the reference images have been obtained and trajectories planned. Each MTP is designed to mate with submillimetric tolerance to the bone fiducial markers, resulting in a rigid but light-weight platform affixed to the skull. Standard microdrives (e.g. microTargeting TM drive; FHC) used to guide electrodes into the brain are mounted to the MTP. The MTP is custom designed to align the microdrive over the predetermined entry site along the planned trajectory. Once the entire apparatus is assembled, the MTP maintains the trajectories relative to the patient's skull, thereby obviating the need to lock the patient's head to the operating table. The present system is presently marketed under the trade name, WayPoint TM stereotactic system and sold by FHC Inc.
After initial testing of the STarFix MTP system, the neurosurgeons (P.K. and J.N.) have continued to use it as our first-choice stereotactic system for DBS implantation since 2002. We report our clinical experience from 263 patients who underwent DBS implantation using various iterations of this stereotaxy system at our institution from 2002 to 2008. Analysis of clinical accuracy and operating room usage times were also performed on subsets of patients within this series to allow for comparison of the STarFix system to other available stereotactic systems used for DBS implantation. Data collection and review were approved by the Vanderbilt Institutional Review Board (No. 010809 and 060232).
Methods
Between 2002 and 2008, 265 patients underwent a total of 288 DBS implantation surgeries at Vanderbilt University Medical Center using the STarFix MTP system as first choice for all DBS surgeries. Surgeries were performed by the first 2 authors (P.K. and J.N.). Under the Vanderbilt Institutional Review Board protocol, all but 2 patients gave consent for their clinical and imaging data to be collected for this study. Thus, surgical complications and clinical outcomes were analyzed for 263 patients and 284 surgeries.
Surgical Technique DBS implantation using the MTP was divided into the following 2 stages typically separated by 1-2 weeks. Each MTP is manufactured from the following data, as illustrated in figure 1 : (1) a minimum of 3 fiducial bone anchor locations, (2) orientation of the bone anchors to ensure proper coupling of the MTP legs to the bone anchors, (3) target location with respect to the bone anchors, (4) trajectory to target as determined by an entry point selection. Each platform is manufactured from the 3-dimensional coordinates of the data contained in the patient's CT with fiducials. Furthermore, when identifying the AC-PC and midline structures, the coordinates of these structures are also sent along with the instructional file which assures that each MTP is exactly aligned with the patient's anatomy, thereby allowing parallel or orthogonal trajectory moves with respect to the midline with conceptual simplicity. Stage I. Bone fiducial marker implantation and preoperative imaging. The purpose of implanting the bone fiducial markers is twofold: (a) to provide a rigid reference point to allow images to be registered to the patient's physical space and (b) to provide rigid attachment points for a stereotactic frame. The markers must remain fixed to the skull and in the same position from the time of implantation to the time of frame attachment. Figure 2 illustrates the evolution of bone fiducial markers over the course of 6 years included in this report. The earlier generations consisted of imaging caps or balls that snapped onto posts which were attached to anchors screwed into the skull. Posts that protruded through the scalp ( fig. 2 a) had a propensity for dislodgement in patients with violent movements. We therefore changed to systems with detachable posts or bone anchors that could be completely buried under the scalp. As the planning software improved, external imaging caps or balls were no longer necessary for the coregistration of MRI to CT, and posts were no longer needed to define the orientation of the bone anchors. Since 2005, we have been using the WayPoint TM (bone anchors ( fig. 2 d) which are buried completely beneath the scalp, allowing patients to go home without any externalized hardware. Typically, patients were implanted with bone fiducial markers 1 week prior to surgery.
Our technique of WayPoint TM bone anchor placement is described as follows. We prefer to acquire both the CT and MRI under general anesthesia to ensure motion-free images, which we feel improves the accuracy of trajectory planning. We coordinated the bone anchor placement with the image acquisition as one outpatient procedure. Once the patient was anesthetized on the CT table, the scalp was shaved and prepared via standard sterile technique. Each bone anchor was screwed into the outer table of the skull through a small stab incision in the scalp. The stab incisions were then closed with staples. Three bone anchors were placed in patients undergoing unilateral DBS implantation, while 4-6 bone anchors were placed in those undergoing bilateral DBS implantation. Noncontrasted CT images were acquired with 512 ! 512 pixels and 0.5-1-mm slice thickness. Contrast-enhanced MRI volumes were obtained on a 1.5-or 3-tesla magnet (3-dimensional SPGR volumes, TR: 12.2, TE: 2.4; 256 ! 256 ! 170 voxels; typical voxel dimension of 1 ! 1 ! 1 mm). No antibiotics were administered either during bone anchor placement or following the procedure. Patients were sent home with instructions to keep the bone anchor sites clean by applying hydrogen peroxide to the anchor sites twice a day until the day of surgery.
Several commercially available software planning programs are compatible with the STarFix MTP system. During the course of this series, we have used the Voxim TM and microTargeting TM WayPoint TM planner (available through FHC Inc.), and also the StimPilot TM (available through Medtronic Neurological Inc., Minneapolis, Minn., USA). In addition, we have begun developing an MTP planning software (CRAVE) that is integrated with a deformable physiological atlas [9] [10] [11] . With any of the software mentioned above, the digital CT and MRI Digital Imaging and Communications in Medicine files were imported into the planning software and coregistered. Targets were selected on the MRI images using the Schaltenbrand and Wahren Atlas coordinates for target nuclei [12] [13] [14] [15] [16] . Entry points were selected to avoid crossing vascular structures. Bone fiducial markers were identified on the CT images. Once the target, trajectory and bone fiducial markers were identified, a customized MTP was designed by the software. As shown in figure 3 , either single-or dual-trajectory MTP frames can be ordered. Once the MTP design was verified, the file containing the specifications for manufacturing an MTP was submitted to the manufacturer by a secure internet file transfer protocol. The trajectory-specific MTP arrived at our hospital within 3 days.
Stage II. Intraoperative mapping and electrode implantation. Most patients underwent this stage awake with local anesthetics. General anesthesia was reserved for patients with violent movements from generalized dystonia. The patient's head was supported by a padded headrest but not locked to the operating table. The MTP was rigidly connected to the existing bone anchors using couplers provided by the manufacturer ( fig. 4 ) . The entry point was marked on the scalp and skull using a guide that fits through the ring opening of the MTP. A 14-mm diameter burr hole was then drilled at the planned entry point. An electronic microTargeting TM drive (FHC) was mounted onto the MTP and guided electrodes along the planned trajectories for mapping. Standard physiological mapping using microelectrode recording (MER) and/or macrostimulation techniques were performed [13, [16] [17] [18] . a b Fig. 3 . Single-mount ( a ) and dual-mount ( b ) MTPs. The virtual design of these platforms is displayed on the planning software prior to the order submission.
MER responses were measured at 0.5-mm increments along each trajectory, typically starting at 10 mm above and ending at 5 mm below the planned target. Macrostimulation responses were recorded at 1-to 2-mm increments. The depth of the electrode tip with respect to the planned target was displayed in the software and was correlated with the drive setting. If necessary, alternate tracks were tested by passing cannulas through parallel guide tubes in the drive assembly. Various offset adapters for the drive assembly allowed target and entry adjustments within a 22-mm diameter centered on the planned trajectory. The exact coordinates for each tract were displayed on the microTargeting TM WayPoint TM planner, which also contained the option to display all possible tracks on the preoperative MRI.
Once the optimal tract and target were identified by physiological mapping, the test electrode was replaced by the quadripolar DBS lead (model 3387 or 3389; Medtronic Neurological Inc.). Fluoroscopy was initially used during the first 2 years to observe the exchange of the MER or semimicrostimulating electrodes with the quadripolar DBS lead. However, since the patient's head was not affixed to the operating table and the STarFix MTP system did not include a radiographic reference guide, manual orthogonal alignment of the patient's head in the fluoroscopic X-ray beam was difficult and eventually abandoned. Since 2004 we have not used fluoroscopy to verify the final exchange of electrodes. Instead, we rely on physiological testing of the implanted DBS lead to confirm proper targeting. This is done by the neurologist who would typically perform the postoperative programming of the device.
The final DBS lead was anchored to the skull using either the Stimloc TM device (Medtronic Neurological Inc.) or methylmethacrylate, and the extracranial end of the lead was buried beneath the scalp. The MTP and bone fiducial markers were removed at the end of the surgery. A postoperative CT was obtained for all patients within 24 h to identify any structural complications.
Final DBS electrode connection to an internal pulse generator was usually performed as an outpatient procedure under general anesthesia on an alternate day.
Targeting Error Analysis
For patients who underwent the appropriate postoperative CT protocol (i.e. 512 ! 512 pixels with 0.5-1-mm slice thickness), we used a previously described lead extraction algorithm to identify the coordinates of the actual implant target [19] . The method we used to calculate the targeting error was previously published in D'Haese et al. [19] and briefly summarized here. Once the optimal target was determined based on intraoperative mapping, we used the planning software to calculate the position of the midpoint between the 2 middle contacts, which we defined as the calculated implant target, in preoperative CT coordinates. An automatic algorithm detected the DBS lead artifact on the postoperative CT and reported the coordinate of the midpoint between the 2 middle contacts, which was defined as the actual implant target coordinate. By fusing the preoperative CT to the postoperative CT for each patient, the calculated implant target coordinate and the actual implant target coordinate were translated into the same reference space. The distance between the actual and calculated implant target coordinates was defined as the targeting error. This targeting error includes not only the software and frame manufacturing error, but also the surgical placement error and brain shift error. This was computed for 75 patients in this series.
Time Usage Analysis
Total surgical time and incision start times were collected for 10 random patients within this series who underwent bilateral DBS implantation by the senior author (P.K.). Analogous data was collected for 10 patients who underwent DBS implantation using the CRW frame by the same surgeon. The CRW cases were from 2001, since we changed to the STarFix system starting in 2002. Patients were matched based on disease.
Results
The 263 patients included in this series underwent 284 DBS implantation surgeries. A total of 497 leads were implanted in these patients. The indications for DBS were the following: Parkinson's disease (n = 139), essential tremor (n = 89), generalized dystonia (n = 31), central neuropathic pain (n = 3) and failure of previously implanted DBS lead (n = 1).
We encountered the following technical complications. In 3 patients (0.1%) with severe dyskinesias, one or more bone fiducial markers (Acustar TM early version) were dislodged before stage II. These patients later underwent DBS implantation using the CRW system. After the switch to the detachable posts and ultimately to the bone anchor only system ( fig. 2 ), there were no further incidents of broken markers. One patient (0.004%) had a bone fiducial marker infection that resolved after marker removal and antibiotic therapy. After the infection had cleared, that patient underwent DBS implantation using the CRW frame. In another patient (0.004%), the MTP did not fit onto all the bone anchors due to anchor localization error during planning. For that patient, surgery was postponed until a new MTP was created, and subsequent DBS implantation proceeded without problems.
The targeting error of the MTP system was measured in 75 patients for whom appropriate postoperative CT was available for analysis. We found this error to be an average of 1.99 mm (SD 0.9), and it represents the vector distance from the intended midpoint of the DBS electrode to the measured midpoint of the implanted DBS electrode on the immediate postoperative CT scan. Since the method of error calculation described above does not account for brain shift or error introduced during electrode fixation, the actual targeting error of the STarFix system is less than 1.99 mm. A recent study published by our group further separated this series of patients into subgroups based on the amount of brain shift. When brain shift was minimal, targeting error was reduced to a mean of 1.24 mm (SD 0.4) [19] .
Based on our operating room usage analysis, we found that the total operating room time did not differ significantly between CRW versus STarFix cases (309 min vs. 280 min). However, incision start time in STarFix cases was on average 173 min (p ! 0.01) earlier than in comparable CRW cases. This translated to shorter operating room usage times per case and allows us to perform 2 DBS implantation surgeries on the same day.
Discussion
This report represents our methodology and experience with the initial use of the STarFix MTP system for patients undergoing DBS implantation. It is the largest experience reported to date for the use of this system. This report also documents, for the first time, the methodology of using a rapidly prototyped stereotactic frame as it evolved from the initial experience in 2002 until 2008. We also compared the operative times from our experience with the STarFix system to the CRW stereotactic system used previously.
Our incidence of technical complications using the STarFix MTP system was quite low (0.1% or less). The cases of bone marker dislodgement are conceptually similar to cases where the traditional stereotactic frame becomes detached from the skull, thereby requiring replacement of the frame. With refinement of bone fiducial marker design, this problem has become extremely rare. The case in which the platform failed to mount correctly illustrates the importance of accurate fiducial registration during planning, a fact that also applies to traditional stereotactic frames.
Due to the precision required for DBS implantation, much emphasis has been placed on the accuracy of various stereotactic systems. Accuracy is inversely related to the targeting error, which is the distance between the actual implant coordinate and the calculated implant coordinate from the stereotactic system. In phantom models, the Leksell and CRW frames have published targeting errors of 1.7 mm (SD 1.0) and 1.8 mm (SD 1.1), respectively [20] . The targeting error of STarFix MTPs as studied in phantom models is 0.42 mm (SD 0.15) [6] . The Nexframe TM (Medtronic Neurological Inc.), which is a frameless stereotactic system, has a targeting error of 1.25 mm (SD 0.6) in phantom models [21] . When trying to compare clinical accuracy of various frame systems, the error is confounded by brain shift during the procedure and from lead fixation. Thus, most measured targeting errors in clinical settings are overestimations of the actual targeting error of the stereotactic system. Recently, Kelman et al. [22] measured the targeting errors from a large series of patients who underwent DBS implantation using the Nexframe TM or CRW frame, and found targeting errors of 2.78 mm (SD 0.25) for the Nexframe TM and 2.65 mm (SD 0.22) for the CRW frame. We found a targeting error of 1.99 mm (SD 0.92) for the MTP system in the clinical setting. This suggests that the STarFix MTP system is at least as accurate as these other systems.
We observed several advantages in using a customized, miniature frame over a traditional stereotactic frame. Eliminating the bulk of the frame and the need to secure the patient's head to the operating table allowed patients to adjust their head position during intraoperative mapping, which helped to overcome anxiety and reduce discomfort. Effects of test stimulation on head and neck tremor or dystonia can be more easily detected intraoperatively when the head is not locked to the table.
Since January 2005, bilateral implantations have been performed with dual-mount MTPs ( fig. 4 ) .
The dual-mount MTP allows simultaneous bilateral MER with the use of 2 drives and a multichannel recording system. The ability to record MER data from bilateral nuclei provides a unique scientific opportunity to compare physiology in homologous nuclei while exposing the patient to various tasking or stimulation paradigms. By our estimations, it has also reduced the MER recording time by nearly half at our institution.
By placing the fiducial anchors and acquiring the images (stage I) on a separate day from the stereotactic mapping and lead placement (stage II), several advantages became apparent. Motion-free images can be obtained on a day prior to surgery when the patient can be fully anes-thetized without compromising intraoperative physiological mapping. For most traditional frame cases, the need to mount the frame and obtain at least a preoperative CT on the same day as intraoperative mapping inevitably delays incision time. In our experience, incision start times for the STarFix cases were typically 2 h earlier than CRW cases. This translated to shorter operating room usage times. Since previous studies have shown that fiducial bone markers can remain implanted for over 3 weeks without added risk of infection [23, 24] , the same MTP and bone anchors can be used for multiple procedures without reapplying new bone markers or ordering another MTP frame. This provides the option of staging bilateral DBS implantations without having to repeat the planning process.
Most of the advantages of miniature stereotactic frames described above can also be found in the Nexframe TM system, which utilizes bone fiducial markers to relate the image space to the patient's physical space and uses a light-weight skull-mounted tower to help guide the electrodes without rigidly fixing the head to the table. The fundamental difference between a custom, rapidly prototyped frame such as MTP and the Nexframe TM lies in the trajectory alignment method. The STarFix MTP system incorporates traditional stereotactic frame principles of translating the trajectory coordinates mathematically into the platform by coupling with bone fiducials (i.e. the registration and trajectory alignment is built into the MTP as seen in fig. 1 ). Nexframe TM , on the other hand, requires optical tracking devices to manually register and align the trajectory during surgery [25, 26] . Precise intraoperative registration and alignment are critical to ensure the accuracy of the Nexframe TM system. Thus, conceptually, STarFix platforms are much closer in design concept to the traditional stereotactic frames.
Disadvantages of a rapidly prototyped stereotaxy system include the following. Due to the need for frame manufacturing and shipping, stage I and II of the procedure must be spaced by at least 3 days in the case of the MTP system from FHC. This has not been a problem for our elective DBS practice, and patients have accepted this well within our own practice. Any error in MTP manufacturing could theoretically cause failure of proper frame mounting or a misplaced electrode. The quality control inherent in the rapid prototyping process has been extremely stringent, and we have not encountered an MTP manufacturing error during the entire period of this study. Our 1 case of MTP mounting failure was not due to a manufacturing error but to a fiducial registration error during the planning step. Implanted bone fiducial markers carry a small risk of infection; in our series that risk was 0.004%. Finally, intraoperative adjustment of trajectories is presently limited to a 22-mm diameter area, with any movement outside of that area necessitating a new MTP to be generated. With appropriate preoperative trajectory planning, we have not found the need to map beyond the 22-mm diameter restriction.
Conclusion
This report provides the first clinical methodology of a customized, miniature, rapidly prototyped stereotactic system (presently known as the WayPoint TM microTargeting TM stereotaxy system; FHC Inc.) as an initial user site from the years 2002-2008. Our extensive clinical experience indicates that use of the rapidly prototyped MTP system is an accurate, safe and efficient alternative stereotactic system for the implantation of DBS electrodes. We have been pleased with its simplicity of use and improved patient comfort for elective DBS surgeries.
